An effort has been made to discuss the structure of excited states of diatoinic molecules in terms of valence bonds. It has been found that the predicted valence-bond structures correspond in symmetry character and internuclear distance to the observed states, but that the attempt to develop a systematic treatment of dissociation energies on this basis is only partially successful.
An effort has been made to discuss the structure of excited states of diatoinic molecules in terms of valence bonds. It has been found that the predicted valence-bond structures correspond in symmetry character and internuclear distance to the observed states, but that the attempt to develop a systematic treatment of dissociation energies on this basis is only partially successful.
I n the last thirty years there has been developed a satisfactory theory of the electronic structure of molecules in their normal electronic states and normal nuclear configurations. This theory is ordinarily presented in one of two aspects: the first, the valence-bond aspect, treating molecules in terms of Single, double and triple bonds, with the phenomenon of resonance among several electronic structures of the valence-bond type being also often of great importance; and the second, the molecular-orbital method, treating molecules primarily by the consideration of the motion of individual electrons among all of the nuclei. Each method has its own points of advantage.
There has not as yet been developed an extensive structural chemistry of molecules in excited states. The rates and mechanisms of chemical reactions, however, depend upon configurations and electronic structures of molecular systems that differ from the stable ones, and accordingly we cannot hope to obtain a complete understanding of chemical reactions without simultaneously developing the structural chemistry of excited states and configurations.
In case that there is no change in multiplicity attending a reaction, the transition from the reactants through the activated complex to the products may not involve any electronic excitation, other than that attending the change in the nuclear configuration. When a hydroxide ion attacks a halogen-substituted methane, it begins to form a weak bond with the carbon atom through the face of the tetrahedron opposite to that occupied by the halogen atom: as the reaction progresses the w r eak bond becomes stronger and stronger, and the bond from the carbon atom to the halogen atom (halogen ion) becomes w r eaker and weaker, until at the configuration of minimum stability the carbon atom has as its coordination polyhedron a trigonal bipyramid: it forms three bonds in its equator with the three groups other than halogen originally attached to it, and two weak bonds (half-bonds) with the oxygen atom of the hydroxide ion and with the halogen ion. The reaction then proceeds to completion by the removal of the halogen ion from the carbon atom, the tetrahedron about the carbon atom having been inverted. The consideration of the stability of the activated complex requires a knowledge of the repulsive forces operating between the five groups attached to the carbon atom, and of the energies of the bonds from these five groups to the carbon atom. An important part of the latter quantity is the resonance energy of a Single bond between two positions, corresponding to the formation of half-bonds with the hydroxide oxygen and the halogen.
In other reactions, especially in which there is a change in multiplicity, the activated complex may be related to an excited electronic state of a reactant molecule. I have feit that to begin an attack on the problem of the electronic structure of activated complexes it would be worth while to study the electronic structure of simple molecules in excited electronic states. In the past the discussion of excited states of simple molecules has been made mainly on the basis of the molecularorbital method. In the following sections of this paper I shall discuss some of the experimental information available about excited states of diatomic molecules with use of the valence-bond method.
Internuclear Distance as a Criterion of Bond Type in Excited States of Molecules I have assumed that in a diatomic molecule the two atoms may form with one another a Single bond. a double bond. or a triple bond. with the strength of the bonds increasing regularly in this order, and that there may also be present, superimposed on one of these electron-pair bonds, one or two one-electron bonds or three-electron bonds, in case that the two atoms are identical or are not much different in electronegativity. In the hydrogen molecule-ion the one-electron bond has about sixty percent as much bond energy as the electronpair bond in the hydrogen molecule; and the threeelectron bond in the helium molecule-ion has also about the same energy as the one-electron bond in the hydrogen molecule-ion. I have accordingly assumed that in general a one-electron bond or a three-electron bond between two atoms is a little more than one half as strong as an electron-pair bond, when the two atoms have the same or nearly the same electronegativity.
Of the various molecular properties that can be determined from spectroscopic data, the internuclear distance r e seems to provide the best reflection of bond type. The vibrational frequency is, of course, closely related to internuclear distance, and might be used just as satisfactorily, but the additivity relations for internuclear distances make their use simpler. The deviation from parabolic form of the electronic potential function, as expressed in the term x , bears no relation to bond type. Moreover, the dissociation energy also bears no simple relation to bond type. Thus we shall later reach the conclusion that both the normal State X 2 2+ and the second excited State £? 2 S + of the Cyanide molecule CN have essentially a triple-bonded structure. The internuclear distances are 1,148 and 1,169 A, respectively (the values of co g being 2069 and 2164 cm-1 ), whereas the dissociation energies are 7,6 and 4,4 v.e., and the values of o) c x e are 13,176 and 20,25, respectively*.
There are given in Table I values of the singlebond radii of electronegative atoms 1 . For nitrogen, oxygen and fluorine additional values are given in parentheses. These apply to bonds between light atoms (C, N, O, F), whereas the smaller values apply to bonds between these atoms and other atoms. It has been pointed out by S c h o m a k e r and Stevenson 2 that the difference in values is to be attributed to an effect of the partial ionic character of the bonds, this effect, presumably a * Spectroscopic data quoted in this paper are taken mainly from H. S p o n e r , Molekülspektren, J. Springer, Berlin 1935. Table I . Single-bond Radii of Electronegative Atoms general one, being especially important for bonds of the most electronegative atoms and other atoms.
The interatomic distance corresponding to a double bond is approximately 0,21 A less than that for a Single bond, and the distance for a triple bond is approximately 0,34 A less than that for a Single bond. Corrections for bonds involving one-electron or three-electron bonds also are given in Table I ; these have been interpolated logarithmically on the assumption that a one-electron or three-electron bond is equal to 60% of a Single bond. Thus we would predict for an oxygen molecule containing a Single bond plus two three-electron bonds the internuclear distance 1,46 -0,24, or 1,22 A. The equation
may be used to change from the single-bond distance r (1) to the distance for bond number n.
In the use of the large radii for nitrogen, oxygen, and fluorine the correction for difference in electronegativity of the two bonded atoms suggested by Schomaker and Stevenson involves subtracting 0,08 (a; A --.r B ), where x A and x B are the electronegativity values for the elements (Schomaker and Stevenson used the factor 0,09). The electronegativities of C, N, O and F are 2,5 , 3,0 , 3,5 , and 4,0 , respectively 1 . Hence for N-O the electronegativity correction is 0,04 A, and the single-bond distance would be expected to be 1,47 -0,04 = 1,43 A. The bond in this molecule is a double bond plus a The Oxygen Molecule. There are given in Table II data for molecules such as 0 2 , 0 2 +, etc. Let us first discuss the structure of the oxygen molecule. The number of electrons is such that this molecule could use all of its L-shell orbitals in holding unshared electron pairs and forming a double bond between the two oxygen atoms. However, instead of using one pair of the TU orbitals for the 7r-half of a double bond and the other pair of 7u orbitals, one on each oxygen atom. for holding two unshared electron pairs, the TU orbitals could instead be used for the formation of two threeelectron bonds. Inasmuch as two three-electron bonds are somewhat more stable than a single bond, the three-electron-bond structure would be expected to represent the normal state. Moreover, each three-electron bond contains one odd electron, and the spins of the odd electrons for the two bonds could place themselves parallel, giving a 3 S~ state, or antiparallel, giving a state. We can predict that the triplet state would be more stable than the singlet state, by the following argument: a three-electron bond involves the resonance of an electron pair and a Single electron between the two atoms, and in the aspect of the resonating structure for the oxygen molecule, when the odd electrons from each of the two three-electron bonds are on the same oxygen atom, the energy quantities leading^to stabilization would be the same as those that cause (from 1 S-3 P), the average being ± 1,82 e.v. But the two odd electrons of the two three-electron bonds would be on the same oxygen atom only half the time if resonance occurred independently in the bonds, and hence the Splitting is predicted to be equal to ±0,91 e.v. The experimental value ±0,81 e.v. agrees very well with the predicted value, and even the small difference may be accounted for as resulting from a slight preference for the structures : 0-0: and :0-0:, with neutral atoms,
over the structures : 0-O: and : 0-0:, involving a Separation of Charge. The average energy of the two three-electronbonded states is 0,81 v.e. above the normal state, and the energy of the double-bonded state is 0.98 v.e. Hence we see that two three-electron bonds are somewhat more stable (by 0,17 v.e.) than a Single bond, as we liave assumed.
Without promoting an electron into another atomic orbital, we may form two more bond structures for the oxygen molecule, by having one of the sets of three 7u electrons be in an anti-bonding relation, the electron pair and the Single electron resonating between the two atoms in a destabilizing manner. Inasmuch as the three-electron antibond could occupy either TU + or , the other being occupied by a three-electron bond, there would be two structures of this sort, and for each of them a triplet state and a singlet state, with the triplet state lying lower, for the reason discussed above. Hence we anticipate that two 3 S states will occur next. These are shown in the table, as C and B. Their difference in energy results from the effect of the symmetrical and anti-symmetrical interchange of the anti-bonding and bonding groups of three electrons between the Orbitals TC and % _. Their close similarity in nature is shown by the closeness of their values of r e . The large values of r e for C and B. 1.58 and 1,60 A, as compared with 1,46 for a Single bond betw r een the two oxygen atoms, indicate that the antibonding set of three electrons has more than enough destabilizing effect to counteract the threeelectron bond.
The Oxygen Molecule-ion. There are two well-defined low-lying states of the oxygen molecule-ion reported in the literature, X 2 n and ^4 2 II . y u We would predict for the normal state of this molecule the structure with a double bond and a three-electron bond. Its term symbol would be 2 11^. The prediction of the first excited state cannot be made with confidence, but a low-lying state would have a structure in which there is a double bond between the two oxygen atoms and a three-electron anti-bond. The probability that these electronic structures are to be assigned to states X and A is show T n by the approximate agreement of the predicted values of internuclear distances and the observed values. It may be mentioned that the uncertainty about the proper atomic radii to use amounts to a few hundredths of an Angström, and that exact agreement is not to be expected. The fact that r e obs for the state A is 0,05 A larger than the predicted value indicates that the anti-bonding effect of three electrons is somewhat greater than the bonding effect.
A word may be said about the symmetrycharacter symbols g and u. Analysis of the significance of these symbols shows that two er electrons or two 7u electrons combining symmetrically (to form a bond) lead to an even state, with symbol g. One <r electron forming a bond leads to an even state, and three <r electrons forming a bond to an odd state. One rc electron forming a bond leads to an odd state, and three rc electrons forming a bond to an even state. The formation of an antibond by one or three electrons reverses the state. Thus the three electrons forming a three-electron bond in the normal state of the oxygen moleculeion cause this to be an even state, whereas the three-electron anti-bond in the state A causes it to be an odd state, with symbol u.
The Nitrogen Molecule. The nitrogen atom in its normal state is able to form three bonds, and it is not surprising that the normal state of the nitrogen molecule is the triple-bonded state, A 1 !!^. We now ask wiiat is the easiest way of exciting this molecule. To transfer one of the s electrons of the atom to a p orbital would require a good bit of energy. An easier way of exciting the molecule might be to destroy one of the bonds constituting the triple bond by unpairing tw T o rc electrons in the molecule, thus producing a 3 S + state. This would give to the molecule a structure involving a double bond, with each nitrogen atom also possessing an unshared pair of electrons and an unshared Single electron. The two unshared electrons on the two nitrogen atoms would not give rise to an anti-bond, but rather would produce no bonding effect at all. The argument supporting this conclusion can be conveniently based on the molecular-orbital viewpoint. A Single electron may occupy a bonding molecular orbital or an anti-bonding molecular orbital. There are then four states possible for two electrons: a singlet state in which the two electrons occupy the bonding orbital, producing an electronpair bond; a singlet state and a triplet state in which one of the two electrons occupies the bonding orbital and the other an anti-bonding orbital; and a singlet state in which the two electrons occupy the anti-bonding orbital. Thus in the triplet state we would expect the bonding and anti-bonding effects approximately to cancel one another. We identify this double-bonded structure with the first excited level, -<4 3 S + , of the nitrogen molecule, and predict the internuclear distance 1,27 A, which is in approximate agreement with the observed value 1,290 A.
If an s electron of one of the nitrogen atoms is promoted to the p orbital, it is possible to form between the two nitrogen atoms a double bond plus two three-electron bonds one of which, due to the outer a electrons, should be relatively weak. This bond structure gives rise to four states, 3 n t( , , and 1 Ü M . A number of II states have been observed; those for which the internuclear distance is known are given in the table. We predict this distance to be 1,19 A for these states, in good agreement with the experimental value 1,207 A for B and a, but somewhat larger than the value 1,144 A for C, which may hence be presumed to have a somewhat different bond structure.
TheNitrogen Molecule-ion. The states X 2 £+ and of the nitrogen molecule-ion are shown by the small values of their internuclear distances to be triple-bonded states. A triple bond can be formed between a nitrogen atom and a nitrogen ion in their normal configuration (2 s 2 2 p 3 and 2 s 2 2 p 2 , respectively): thus the nitrogen atom may be considered to present its 2 s <r electron pair to a pa unoccupied orbital of the nitrogen ion, for formation of the a bond, and the two TC bonds required for the triple bond are then formed by pairing of odd electrons in p orbitals of the atom and ion. The normal state 443 and the first excited state, at 3,18 v. e., correspond respectively to the stabilizing and destabilizing mode of resonance of the outer c electron pair and odd electron. It is interesting to note that for the outer electrons the antisymmetric mode of combination is more stable than the Symmetrie mode. This effect may be the result of a more favorable aspect of the bonding a electrons when the outer o electrons are related in the antisymmetric way than when they are related in the Symmetrie way, and may well be associated with the phenomenon of ferromagnetism in the transition metals and similar substances.
TheCarbonMolecule. Two carbon atoms in their normal configuration 2 s 2 2p 2 can form many kinds of bonds. Of these the most stable is a double bond plus a one-electron bond, formed by the use of the pair of s <r electrons of one carbon atom in forming a Single bond with the pa orbital at the other atom, leaving an outer electron pair on the first atom and an outer Single a electron on the other carbon atom. The it electrons of the two atoms then form the second half of a double bond and a one-electron bond. Four II states containing this sort of bond can be constructed, 3 n ( , a n H , s U y , and i n p . The stabilizing effect and maximum multiplicity when two odd electrons are on the same atom would cause the triplet state to be somewhat more stable than the singlet, and the interaction of the outer electron pair and odd electron would cause the odd state (even for these three electrons) to be more stable than the even state, the latter effect being greater than the effect of multiplicity. Hence we predict the 3 II u state to be the normal one, w T ith the others following in the above order. This is presumably the order observed, although there is some uncertainty about the location of the singlet states relative to the triplet states. The internuclear distances for all four states correspond approximately to the value expected for a double bond plus a one-electron bond, with the distance somewhat larger for the antisymmetric resonance of the outer electrons than for the Symmetrie resonance, as is observed also for the nitrogen molecule and the nitrogen molecule-ion.
Diatomic Compound Molecules of
First-Row Elements Nitric Oxide. The normal state of the nitric oxide molecule is expected to be a 2 II state containing a double bond and a three-electron bond. The predicted internuclear distance, 1,14 A, agrees well with the observed distance, 1,146 A. The only other predicted low-lying state based on the same configuration is a 2 Ü state in which there is a three-electron anti-bond. This is without doubt the state B, lying 5,65 e. v. above the normal state. The observed internuclear distance, 1,413 A, is somewhat larger than that predicted, 1,33 A, on the assumption that a three-electron anti-bond decreases the bond number by 0,6. This comparison increases the evidence that the effect of an antibond on internuclear distance is somewhat greater than the effect in the opposite direction of the corresponding bond.
The other three states, A, C, and D, are clearly shown by the observed internuclear distance 1,06 to 1,07 A to be triple-bonded states. A triple bond can be formed in nitric oxide only by exciting one electron to an atomic orbital with total quantum number 3. The lowest states of this sort to be expected are four doublet states, three of which have been reported.
The Cyanide Molecule. For the Cyanide molecule CN we expect two low-lying 2 E states, each corresponding to a triple bond, and one with a stabilizing and the other with a destabilizing resonance of the outer electron pair and odd electron. These states are observed-they are designated X and B-, the internuclear distance being close to the expected value 1,13 A. A remaining low-lying state, intermediate between them in energy, is ^4 2 n, with internuclear distance 1,236 A suggesting a double bond plus a one-electron bond. This sort of bond could be formed by the transfer of a TU electron to an outer <J orbital, the loss of bond energy being partially compensated for by the gain in atomic energy resulting from the s character of the <7 orbital. Carbon Monoxide. A number of states of the carbon monoxide molecule have been reported. The five most stable states for which data are available (there are two others of undetermined energy that might lie rather low) are given in the table. For the normal state we expect a resonating bond with some triple-bond and some double-bond character. The observed internuclear distance 1,13 A corresponds to bond number 2,6, calculated from the single-bond distance 1.42 A. A much less stable orthogonal 1 S+ state can be predicted to exist, with bond number about 2,4 and internuclear distance about 1,16 A. A 3 S and a excited structure can be formulated by having an odd <r electron, presumably on the carbon atom. This would permit a double bond and a three-electron bond to be formed between the two atoms, except that the considerable difference in electronegativity of the atoms would cause the three-electron bond to be of little significance. We accordingly show in the table two structures, a 3 II and A 1 !! , with a double bond represented between the two atoms, and with two odd electrons, a <r electron and a rc electron, on the carbon atom. The observed internuclear distances are very close to those expected for a double bond. Between these two states there lies a state a' 3 S, to which the structure represented can be assigned, involving two unpaired rc electrons. If these rc electrons were to produce no repulsion the internuclear distance would be 1,21 A, and it would be increased by an amount reflecting the magnitude of the repulsion caused by them. The observed vibrational frequency suggests a value for the internuclear distance of about 1,33, indicating a significant amount of repulsion.
The last state shown in the table, & 3 S, has internuclear distance corresponding to a triple bond. We assign to it a structure in which an outer electron, with total quantum number greater than 2, moves in the field of a carbon monoxide cation, with a triple bond.
TheCarbonMonoxideMolecule-ion. The carbon monoxide ion in its normal state is expected to resonate between the double bonded structure • C=0: and the triple bonded structure • C = 0 :, and its observed internuclear distance, 1,114 A, agrees moderately well with the expected value, somewhat larger than 1,08 A. The orthogonal resonating state would be expected to have internuclear distance somewhat smaller than the double-bond value 1,21 A ; the observed value. for B 2 £+, is 1.168 A. It is interesting that the bond numbers calculated by Equation (1) 
